The assisted reproductive techniques (ARTs) such as in vitro fertilization, embryo transfer, and cryopreservation of gametes have contributed considerably to the development of biomedical sciences in addition to improving infertility treatments in humans as well as the breeding of domestic animals. However, ARTs used in canine species have strictly limited utility when compared with other mammalian species, including humans. Although successful somatic cell cloning has been reported, artificial insemination by frozen semen to date is only available for the improved breeding and reproduction for companion and working dogs as well as guide dogs for the blind. We describe here the successful cryopreservation of embryos and subsequent embryo transfer in dogs. Canine embryos were collected from excised reproductive organs after artificial insemination and subsequently cryopreserved by a vitrification method. When the 4-cell to morula stage of cryopreserved embryos were nonsurgically transferred into the uteri of nine recipient bitches using a cystoscope, five recipients became pregnant and four of them delivered a total of seven pups. The cryopreservation of embryos in canine species will facilitate the transportation and storage of genetic materials and will aid in the elimination of vertically transmitted diseases in dogs. In addition, this technique will contribute to the improved breeding of companion and working dogs such as guide dogs, drugdetecting dogs, and quarantine dogs. dog, embryo, nonsurgical transfer, vitrification
INTRODUCTION
Cryopreservation for mammalian oocytes and embryos has been used for several purposes such as to preserve the genes of elite livestock, increase the efficiency of animal breeding, preserve valuable genetically modified animals and endangered species, and use germ cells effectively in assisted reproductive reproductive technology in animals and humans.
The first mammalian species to have its embryos successfully cryopreserved was the mouse in the early 1970s [1] , and over the next three decades, this has been extended to embryos of most species, including humans. However, cryopreservation of canine embryos has not progressed far enough. Similar to what has been observed in other mammals, embryo cryopreservation and subsequent transfer in canines would be centrally important in reproductive technologies by allowing optimal utilization of genetic resources in the development of breeding programs in animals, by permitting genetic banking (e.g., of rare or economically and socially important breeds), and by enhancing a clinical approach to infertility and sexually transmitted disease treatments. One of the most effective applications of cryopreservation of canine embryos would be for an improved breeding system of guide dogs for the blind as well as other working dogs such as those used for drug detection or for quarantine. Although guide dogs make a remarkable contribution to the quality of life of blind people in the world, many countries suffer from an acute shortage of guide dogs such that not all those who need them are able to be supplied with them. In part, this is because only a certain percentage of available dogs meet the requisite aptitude standards. Even among Labrador retrievers, which are particularly suited to the role, only 30%-40% of the dogs that are trained ultimately work out as guide dogs in Japan [2] . In addition, a further problem in the breeding system for guide dogs is that guide dogs have to be spayed before training starts to bring out a calm demeanor in the dog, which means that the dogs who do succeed in becoming guide dogs can never be used for breeding. Cryopreservation of embryos could overcome, at least in a part, these difficulties where invaluable gene resources have been eliminated.
Successful cryopreservation of embryos depends on the tolerance of the embryos to cryoinjury during the freezing and thawing procedures. One of the most serious problems for successful cryopreservation of canine embryos seems to be the large amount of lipid content within their cytoplasm. Similar lipid particles are seen in porcine and bovine embryos. However, the density of the lipids is much higher in canine embryos [3] . In addition, because of the anatomy of the reproductive system of the bitch and the related inaccessibility of the uterus from the vagina, surgical embryo transfer has proven to be the only viable option so far [4, 5] . We describe here the successful cryopreservation of embryos and subsequent embryo transfer with a nonsurgical technique in dogs.
MATERIALS AND METHODS

Ethics
The animals used in this study were treated and cared for in accord with the Guiding Principles for the Care and Use of Research Animals established by Obihiro University of Agriculture and Veterinary Medicine (Obihiro, Japan). 
Collection of Embryos
Both male and female Labrador retrievers in a breeding colony for guide dogs for the blind were used in this study. Animals were basically maintained by volunteers in their house, and moved to Hokkaido Guide Dog Association when bitches exhibited estrus signs. On Days 3-8 after luteinizing hormone (LH) surge, a total of 80 Labrador retriever bitches to be used as embryo donors were inseminated through the vagina with ejaculates of semen that had been collected from dogs by manual stimulation. For hormone measurement, 1 ml of blood was collected from the anterior brachiocephalic vein daily after the appearance of a blood-tinged vaginal discharge. Blood samples were centrifuged to separate the plasma, and the progesterone level was measured by fluorescence enzyme immunoassay using an automated fluorescence immunochemistry analyzer (SV-5010, SpotChem Vidas; Arkray, Kyoto, Japan). The day on which the plasma concentration of progesterone exceeded 2 ng/ml was designated as Day 0 post-LH surge [6] . For artificial insemination, semen was collected by digital manipulation of the dogs. On Days 2-10 after artificial insemination (Days 7-15 post-LH surge) by freshly ejaculated semen, the reproductive tracts from the donors were excised after ovariohysterectomy at private clinics. The excised oviducts, isthmus, and uteri were flushed with PB1 medium [7] to recover the embryos. The developmental stages of the collected embryos were determined using an inverted microscope.
Vitrification and Warming of Embryo and Examination of Vitrified-Warmed Embryos
All the chemicals were purchased from the Sigma Chemical Co. (St. Louis, MO) unless otherwise noted. The recovered embryos were cryopreserved by a vitrification method [2] with the following modifications. The embryos were exposed to 200 ll of PB1 containing 5%, 10%, and 20 % ethylene glycol and then 30% ethylene glycol plus 0.5 M sucrose (E30S) for 5, 2, 2, and 1 min, respectively, at room temperature (218C 6 18C) [2, 8] . Two to three embryos were then placed on a cryotop sheet (CryoTop II WB; Kitazato BioPharma Company Ltd., Shizuoka, Japan) [9] [10] [11] with a minimum amount of medium, and the cryotop was immediately plunged into liquid nitrogen. To warm the frozen embryos, the cryotop with embryos were soaked in PB1 containing 0.5 M sucrose at 378C. To remove the cryoprotectants, the embryos recovered from the cryotop were exposed to PB1 with a sequential series of 0.5, 0.25, and 0.125 M sucrose for 1 min in each solution at 378C and finally transferred into PB1 for 5 min at 378C.
After cryopreservation, the embryos were examined under an inverted microscope, and morphologically normal embryos were stained with 20 lg/ml propidium iodide (PI) in phosphate-buffered saline (137 mM NaCl, 8.45 mM Na 2 HPO 4 , 2.68 mM KCl, 1.46 mM KH 2 PO 4 , pH 7.5) containing 0.1% polyvinyl alcohol and incubated for 15 min in the dark. The embryos were examined under ultraviolet light using epifluorescent microscopy (Nikon, Tokyo, Japan), and the plasma membrane integrity of embryos was assessed. A blastomere with a disrupted plasma membrane dyed red with PI. Embryos that had dispersed blastomeres or blastomeres with less than 25% ruptured plasma membranes were assessed as being normal; more than 75% of the embryos had blastomeres that were negative for PI staining. For embryo transfer, the embryos were not stained with PI.
Nonsurgical Embryo Transfer
The cryopreserved embryos with less than 0.5 ml of PB1 were nonsurgically transferred to Labrador retriever recipient bitches (n ¼ 9) on Days 8-11 after the estimated LH surge by a catheter (5-8 Fr; Nippon Sherwood, Tokyo, Japan) equipped with a cystoscope (Karl Storz, Tuttlingen, Germany) that was inserted into the corpus uteri through the cervical canal. Embryo transfer was performed on standing and nonsedated bitches. Care was taken to avoid backflow of medium containing embryos as the catheter was withdrawn 1 min after the transfer, and the hind quarters of the bitch were kept elevated for about 5 min. On Day 30 after the estimated LH surge in the recipients, the establishment of pregnancy was determined by Doppler ultrasonography (ProSound II SSD-6500 SV; Aloka, Tokyo, Japan). The pregnant bitches were allowed to delivery by natural labor or cesarean section. Paternity testing based on microsatellite polymorphisms for the delivered pups was performed by using 23 microsatellite markers (see Table 4 ), as previously described [12] . In addition to an AHT125 marker, seven CPH markers [13] , eight CXX markers [13] , and seven CXX markers [14] were used for parentage testing of the donors, recipients, and pups. Genomic DNA was extracted from blood or umbilical cord by a conventional phenol/chloroform extraction method [15] . To detect microsatellite polymorphisms, polymerase chain reaction (PCR) amplification was performed on the extracted genomic DNA. The PCR products were run with the 500 LIZ size standard (PE Applied Biosystems, Carlsbad, CA) on an ABI PRISM 3730 DNA Analyzer (PE Applied Biosystems). The sizes were analyzed by GeneMapper software (version 3.1; PE Applied Biosystems), and the alleles were designated according to their PCR product size.
Statistical Analysis
Data on survival rates of the embryos were compared using the one-way analysis of variance (ANOVA) with Fisher protected least significant difference as presented by StatView software (PLSD; Abacus Concepts, Inc., Berkeley, CA). Differences were considered significant at a level of P , 0.05.
RESULTS
A total of 474 embryos were collected from 80 bitches (average 5.9 6 0.2; range 0-9). Figure 1 shows the localization of the developing embryos in the reproductive tracts of the Labrador retrievers after artificial insemination with freshly collected semen. Embryos at the morula stage migrated from the oviduct into the uterus on Day 10 post-LH surge. This transport might be complete within 24 h. By Day 12 post-LH surge, all of the developing embryos were localized in the uteri. Embryos developed to the morula stage and to blastocysts by Days 11-12 and Days 12-13 post-LH surge, respectively.
As shown in Table 1 , examination of the embryos at the 1-cell to blastocyst stages vitrified in the ethylene glycol-based vitrification solution on a cryotop sheet and then warmed at 378C revealed that over 80% of the embryos that were younger than the blastocyst stage exhibited a normal morphology. However, the majority of cryopreserved embryos at the blastocyst stage showed abnormal morphology after warming. To assess the membrane integrity of the cryopreserved embryos, the vitrified-warmed embryos were stained with PI. The viability of the embryos at 4-to 16-cell, morula, and blastocyst stages was 90%-100%, 50%, and 40%, respectively (Table 2 and Fig. 2) . The results indicated that the integrity of the oocytes after cryopreservation could not be evaluated by morphology alone, and it was necessary to perform a histochemical examination, such as with PI staining. As shown in Figure 2 , all of the vitrified embryos at the early stages exhibited normal morphology; however, some of blastomeres had nonintact plasma membranes. Although the stage-specific tolerance for cryoinjury of canine embryos was not clarified in this study, it appears that differentiation of the embryos during When vitrified-warmed canine embryos were nonsurgically transferred to recipients, normal pups were delivered reproducibly (Table 3) . Nine embryo transfer experiments were performed. Five recipients became pregnant, and four of them delivered seven pups in total; 9.1% of the transferred cryopreserved canine embryos developed to newborns (Table  3) . Our results clearly indicate that cryopreserved canine embryos are able to develop to term even if the developmental rates after transfer are low. The percent of embryos that disappeared after the detection of fetal sacs in the recipients on Day 30 post-LH surge was very low. Based on the data, the most suitable combination appeared to be the transfer of 8-to 16-cell stage embryos to recipients on Days 8-9 post-LH surge (Table 3) . Table 4 shows results of microsatellite polymorphism of the recipient, two donors, and three pups in embryo transfer 
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365 experiment number 2. The microsatellite genotypes clearly demonstrated that those delivered pus were derived from the donor embryos but not from the recipient animal. For puppy A, the genotypes of CPH5, CPH8, CPH9, CXX629, CXX410, and CXX4459 indicated that this young pup was not the progeny of the recipient animal, while the genotypes of CPH15, CXX453, CXX2004, CXX2054, and CXX442 demonstrated that this young pup was derived from donor 1. The genotypes of CPH9, CXX453, CXX2054, CXX410, CXX459, CXX2158, AHT125, CXX629, and CXX2010 demonstrated that puppy 
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B was not derived from the recipient, but from donor 1. Similarly, paternity testing indicated that puppy C was derived from donor 2 and not from donor 1 or the recipient animal. In other embryo transfer experiments that yielded pups, the paternity testing by means of microsatellite polymorphism also clearly distinguished between the recipient, the donors, and the pups (data not shown).
DISCUSSION
In addition to the successful cryopreservation of canine embryos, the present study clarified the preimplantation development of the Labrador retriever embryos. Our previous report indicated that the embryos migrated from the oviducts to the uteri beginning on Day 11 post-LH surge and that all of embryos had moved into and were localized within the uteri by Day 13 post-LH surge in Labrador retrievers [3] . However, with a larger number of donor bitches (n ¼ 80) and more embryos collected (n ¼ 474), the results of the present experiment showed that the embryos at the 8-to 16-cell stage migrated to the uteri from Day 10 post-LH surge and that all of the developing embryos localized in the uteri by Day 12 post-LH surge and developed to blastocysts by Days 12-13 post-LH surge in Labrador retrievers (Fig. 1) . On the other hand, blastocysts have been recovered from beagles on Days 9-10 post-LH surge [5] , indicating that there might be considerable breed-related differences in the preimplantation development of embryos in canine species.
Vitrification has been widely applied to the cryopreservation of mammalian embryos [8, 16, 17] . Taking these studies into account, it was decided to develop a vitrification method for dog embryos. However, the suitability of these methods for canine embryos has not been previously reported. One of the most serious problems for successful cryopreservation of canine embryo seems to be the large amount of lipid content within their cytoplasm, an amount that is similar to that seen in porcine and bovine embryos. Traditional slow freezing methods have a low effectiveness in porcine embryos [18, 19] , although some success has been reported [20] [21] [22] . Thus, we applied the vitrification method developed for porcine embryos [8, 23, 24] to canine oocytes and embryos. Recently, we reported that canine oocytes at the germinal vesicle stage collected from ovaries were able to be vitrified by E30S solution with a cryotop holder [2] . A high level of cooling and warming was required to prevent ice crystal formation and reduced level of chilling injury when oocytes or embryos were cryopreserved by vitrification. In order to increase the cooling and warming rates during vitrification, a variety of containers such as electron microscope copper grids [25] , open-pulled straws [26] , cryoloops [27] , and cryotops [28] have been developed. Vitrification using the cryotop requires very small volumes of embryo suspension (less than 1 ll). Minimizing the volume of the solution with which embryos are vitrified might result in higher viability of the embryos after vitrification. As shown in Tables 1 and 2 , canine embryos at the 1-to 16-cell stage were successfully cryopreserved by E30S with a cryotop holder. However, this study also showed that vitrified embryos at the morula and blastocyst stage were damaged and exhibited a decrease in the integrity of their plasma membranes. Although the cause of the injuries after vitrification of canine embryos was not determined in this study, cellular differentiation with preimplantation development might influence the permeability of plasma membranes to cryoprotectants. In our previous experiments, we also showed that the viability of oocytes, as assessed by PI staining, after vitrification was much higher in DAP 213 solution (2 M dimethyl sulfoxide, 1 M acetamide, and 3 M propylene glycol) with a cryotop than in E30S with a cryotop [29] . The viability after vitrification in canine morulae and blastocysts (Table 2 ) might be improved by cryopreserving them using DAP123 with a cryotop.
Although there are a few reports on surgical embryo transfer in dogs [4, 5] , nonsurgical embryo transfer has not been previously reported. The surgical method might be commonly used because of the difficulty of nonsurgical embryo transfer owing to the characteristic morphology of the vagina and cervix in the dog. However, nonsurgical embryo transfer procedures seem to be an essential requirement for application of cryopreservation of embryos in the field. Our present study show that a catheter equipped with a cystoscope for human use can be used for transcervical embryo transfer as well as transcervical insemination in dogs (Table 3 ). This system was originally developed for artificial insemination for large breeds such as Labrador retrievers [30] . The volume of transfer medium might be an important factor for the successful nonsurgical embryo transfer because the large volume of the fluid in the uterus seems to cause back flow from the vagina. Finally, the factors that influence the low percent of cryopreserved embryos that developed to newborn after transfer was not investigated in this study. Damage to the embryos during cryopreservation and/or inefficiency of nonsurgical embryo transfer might affect pre-and/or postimplantation development.
In conclusion, vitrification is suitable for cryopreservation of canine embryos, and transcervical embryo transfer using a cystoscope is a potentially useful nonsurgical method that can be used in the field. These techniques may contribute to the control of genetic diversity in canine.
